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Introduction
Noroviruses (NoVs) are one of the most common causes of foodborne viral gastroenteritis, infecting over 250 million people worldwide every year. Symptoms typically last 24 to 48 h, but complications can occur in immunocompromised patients, resulting in an estimated 200,000 deaths per year mainly among elderly people and young children in developing countries (Patel et al. 2008 ; Robilotti et al. 2015) . NoVs are positive-stranded RNA viruses belonging to the family Caliciviridae and, similar to other RNA viruses, they exhibit extremely high levels of genetic diversity (Debbink et al. 2012) . NoVs have evolved into seven highly divergent genogroups (GI-GVII), which are in turn divided into genotypes. The prototypic Norwalk virus belongs to genotype GI.1, but GII.4 has become the most prevalent genotype in the last decades, being responsible for the majority of outbreaks (White 2014) . The most variable NoVs genome regions are located in the surface-exposed P2 domain of the capsid (VP1) protein, which determines antibody escape (Lindesmith et al. 2008; White 2014) . Differences in genetic diversity and evolution rates among NoV genotypes have been attributed to multiple factors, including random genetic drift, receptor usage, the structural plasticity of the VP1 protein, and replication fidelity (Bull and White 2011; Donaldson et al. 2010 ). However, and despite their purported importance for evolution, immune escape, and the development of efficient control strategies, the rate of spontaneous mutation of human NoVs has not been experimentally determined.
RNA virus high genetic diversity is ultimately driven by their extremely high rates of spontaneous mutation, which are orders of magnitude higher than those of DNA-based microorganisms and range from 10 -6 to 10 -4 per nucleotide per round of copying (Lauring et al. 2013 ; Sanjuán et al. 2010) . Such high mutation rates are commonly attributed to the low replication fidelity of RNA virus polymerases, since these lack 3´exonuclease activity in all viral families examined except coronaviruses (Smith and Denison 2013; Ulferts and Ziebuhr 2011).
However, editing of the viral genome by host-encoded proteins is another possible source of
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4 mutations. Double-stranded RNA-specific adenosine deaminases (ADAR) have been suggested to edit the genome of a variety of negative-stranded RNA viruses, including measles virus (Cattaneo et al. 1988 ), human parainfluenza virus (Murphy et al. 1991 Here, we have analysed the intra-patient genetic diversity of a region of the NoVs capsid VP1 by performing ultra-deep sequencing of stool samples obtained from infected patients. Unexpectedly, we found a small number of hyper-mutated sequences carrying large numbers of A-to-G or U-to-C base transitions that were not attributable to sequencing errors.
In this sense, since the per-base error rate of the employed technology is ca. 1/1000 (Jünemann et al. 2013) , it is extremely improbable to find multiple mutations in a single read.
The natural genetic diversity of NoVs has been studied previously within individual patients (Nilsson et al. 2003; Obara et al. 2008; Vega et al. 2014) , within defined outbreaks (Dingle
5 support viral attachment and entry, this system restrict viral replication to a single infection cycle. Whereas this is generally viewed as a limitation, single-cycle viral replication was convenient for the purpose of mutation rate estimation, because it allowed us to minimize the effects of selection and other evolutionary factors. This approach allowed us to observe hundreds of sequences carrying multiple U-to-C or A-to-G substitutions each, suggesting that a large fraction of all spontaneous mutations correspond to hyper-mutation events. Based on the sequence context of the observed changes, we propose that NoV hyper-mutation might be driven by ADAR-mediated editing of the viral genomic RNA of either polarity during replication.
Methods

RT-PCR of stool samples.
Viral RNA was extracted from 20% stool suspensions in PBS using the Trizol LS reagent (Invitrogen), eluted in diethyl pyrocarbonate-treated water containing RNasin (Promega) and stored at -70°C. RT was performed using Superscript III (Invitrogen) and random hexamers for were designed to account for U-to-C mutations in plus-strand RNA, and primers 5'-rTGrrGrTGGCGTCGrGTGrCG-3' (forward) and 5´-GGAAAAyyyGGyGGGACyGCyGC-3' (reverse) were designed to account for A-to-G mutations in plus-strand RNA. For region 2, the degenerate primer pairs were 5'-CAAGAyyCCCCAyyCCyyyGG-3' (forward, nucleotides 5803- to obtain the number of mutations relative to the reference sequence of the sample. Since the number of reads was variable, 100,000 reads were randomly chosen for each PCR. To obtain a refined set of mutated reads, a final quality filter was applied, such that only reads with average Phred quality score higher than 28 for the specific mutated positions were considered.
This filter removed less than 5% of the original reads in all samples. Specific Shell, Python, Perl and R scripts were written for these analyses.
Molecular cloning and Sanger sequencing of PCR products.
PCR products were gel-purified and cloned using CloneJET PCR cloning kit (Thermo Scientific) in E.coli by the heat shock method. Transformant colonies were PCR-amplified using Taq DNA polymerase and CloneJET-specific primers (forward 5'-CGACTCACTATAGGGAGAGCGGC-3';
reverse 5'-AAGAACATCGATTTTCCATGGCAG-3') under the following conditions: 95°C 5 min, 35
cycles of 95°C 30 s, 60°C 30 s, 72°C 2 min, and a final extension at 72°C 5 min. Colony PCR products were column-purified and sequenced by the Sanger method. Sequence chromatograms were analysed using the Staden software (http://staden.sourceforge.net).
Results
Ultra-deep sequencing reveals NoV hyper-mutants in clinical samples.
We used 16 stool samples from patients acutely infected with NoV GII.4 to amplify by RT-PCR a 386-base region encompassing nucleotides 1 to 386 of the VP1 gene (reference sequence: Fig. 1A ). The RT-PCR was successful in 11/16 samples. Of these, eight belonged to newborns or children under the age of three, two to adults, and for one sample there was no available age information. We performed paired-end Illumina sequencing of these PCR products with 100,000-fold coverage (i.e. 100,000 reads per patient). For three patients, approximately one in 6000 reads contained large numbers of U-to-C or A-to-G base transitions (12-27 reads with 5-30 such mutations out of approx. 100,000 total reads; Table 1 ).
Reads with less than five mutations of such type were not considered as hyper-mutants.
Although the error rate of Illumina sequencing precludes analysis of low-frequency polymorphisms, it provides a powerful approach for detecting hyper-mutants. In the most mutated read, 30 of the 86 U residues were substituted for C, a pattern that cannot be explained by sequencing error. Interestingly, we found both U-to-C and A-to-G hypermutations, but these did not occur in the same reads. To extend our analysis, we set out to amplify by RT-PCR another region encompassing nucleotides 719 to 1168 of VP1 (450 bases, although only the 409 bases excluding primer regions were considered for subsequent analysis), which maps to the hypervariable domain P2. In two out of the three samples showing hyper-mutation in the first region, we also found hyper-mutated reads in the second region, with a maximum of 37 mutations in a single read. Furthermore, one sample which failed to amplify for the first region also yielded hyper-mutated reads in the second region ( Table 1) . Two of the samples showing hyper-mutation belonged to newborns, whereas the other two belonged to adults, with no significant association between age and hyper-mutation at this low sample size (Fisher's exact test, P = 0.547). Viruses carrying large numbers of mutations should not be viable and, thus, their population frequency should be strongly reduced by the action of purifying selection. Therefore, albeit very rare, hyper-mutants may reflect a relevant mutational process in NoV.
Massive hyper-mutation in a transfection system.
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To minimize the effects of selection, we transfected a Norwalk virus infectious cDNA clone into HEK293 cells expressing the T7 RNA polymerase from a recombinant vaccinia virus (ATCC VR-2153). As previously described, this system supports NoV transcription, replication and encapsidation (Fig. 1B) (Fig. 3A) . Based on this, we defined hyper-mutated sequences as those carrying five or more mutations in the 266-base region studied. However, the data also showed that hyper-mutation was not an all-or-nothing process and that the number of mutations per read varied continuously. Regarding U-to-C substitutions, we found 1444 hypermutated reads (266, 481 and 697 reads for assays 1, 2 and 3, respectively), meaning that approximately one every 200 reads (0.48%) contained U-to-C hyper-mutations ( Table 2) . These carried 11,612 total U-to-C substitutions, the number of mutations per read varying from 5 to 31 out of the 88 U residues contained in the 266-base fragment. Since sequences were derived from minus-strand RNA, U-to-C substitutions in the reference (plus-strand) genome
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sequence indicate that the negative-strand template RNA contained A-to-G substitutions.
Ultra-deep sequencing also revealed some A-to-G hyper-mutated sequences in two of the three assays (indicating U-to-C changes in the negative-strand template), but these were 17 times less frequent (i.e. 1444/83 = 17.4) than the former ( Table 2) . A-to-G hyper-mutants may be a result of plus-strand carry-over amplification during RT-PCR or, alternatively, they may represent a different mutational process.
Reproducible effect of sequence context on hyper-mutation.
Analysis of the location of mutations revealed a widespread distribution along the 266-base VP1 region. Although all of the 88 U residues showed at least one U-to-C mutation at this high sequencing depth, mutation frequencies varied strongly across sites, the pattern of variation being highly reproducible between the three biological replicates (pairwise Spearman  > 0.850, p < 10
; Fig. 3B) . A major determinant of the frequency of U-to-C mutation was the identity of the 3´neighboring base. Among the 11,612 U-to-C changes observed, the 3´neighbor was U in 5228 cases, A in 5053 cases, G in 1098 cases, and C in only 233 cases.
These counts clearly deviated from those of 3´neighbors of non-mutated bases (chi-square test: p < 10 -12
; Fig. 3C ). After correcting for base composition, the 3´neighbor preferences for U-to-C hyper-mutation were A > U > G > C. Interestingly, A-to-G hyper-mutated sequences showed a marked bias in the 5´neighboring base such that, among the 638 total A-to-G mutations, the 5´neighbor was U in 379 cases, A in 204 cases, G in 14 cases, and C in 41 cases (p < 10
; Fig. 3C ). Therefore, A-to-G hyper-mutation had 5´neighbor base preferences (U > A > C > G) which are exactly the reverse complement of those for U-to-C hyper-mutation. This strongly suggests a common biochemical process underlying both U-to-C and A-to-G mutations, the type of change observed depending on whether hyper-mutation occurred in the minus or plus RNA strand, respectively.
Contribution of hyper-mutation to the total NoV rate of spontaneous mutation.
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Based on the above data, the per-base probability of a U-to-C substitution due to hypermutation was (1.5 ± 0.4) × 10
, a value within the typical range of RNA virus rates of spontaneous mutation (Lauring et al. 2013; Sanjuán et al. 2010 ). To ascertain the contribution of hyper-mutation events to the total NoV mutation rate, we sought to estimate the total mutation rate from the above single-cycle transfection assays. Since the Illumina per-read accuracy is not high enough to reliably infer individual base substitutions at such low frequencies, we performed classical molecular cloning followed by Sanger sequencing. Using RNA extracts from the above transfections, we amplified by high-fidelity RT-PCR the entire VP1 gene and obtained 64 molecular clones. In total, we found 21 base substitutions in 136,032
bases, giving a mutation rate estimate of 1.5 × 10 -4 per nucleotide per cell infection (Table 3) , a value nearly identical to the hyper-mutation rate inferred by Illumina sequencing.
Furthermore, of the 21 mutations 18 were U-to-C base transitions found in a single, hypermutated clone. Removing this single clone, the estimated mutation rate was 2.2 × 10
, a value seven times lower than the estimated hyper-mutation rate.
Discussion
Our results reveal that a large fraction of NoV spontaneous mutations is constituted by U-to-C and A-to-G substitutions occurring as bouts of mutations in the same RNA molecule. We argue that, depending on whether the hyper-mutation takes place in the minus or plus strand, U-to-C or A-to-G changes are observed, respectively, in the (plus strand) genomic RNA. A likely mechanism underlying these A-to-G mutations is ADAR, which edits adenosines to inosines A limitation of our study is that, whereas transfection assays were carried out using a cDNA clone belonging to genogroup I, viruses isolated from stool samples were all from genogroup II. However, the type of mutations produced and the neighbor base preferences Therefore, probably with the exception of HIV-1, hyper-mutated sequences are generally rare.
Selective PCR amplification is valuable for detecting these sequences but does not allow estimation of their population frequency. As a result, few studies have determined the abundance of viral hyper-mutants in an unbiased manner. Ultra-deep sequencing provides a powerful tool for achieving this goal.
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Conclusions
Previous work has suggested that the high genetic diversity of RNA viruses originates mainly from the low replication fidelity of their polymerases. However, our in depth analysis of NoV spontaneous mutations in clinical samples and laboratory populations supports the notion that host-driven hyper-mutation is a source of diversity comparable to or even greater than polymerase infidelity. Hyper-mutation is not necessarily an all-or-nothing process and the number of nucleotide substitutions per sequence varied extensively, suggesting that hypermutation may significantly contribute to NoV genetic diversity and evolution in nature.
Analysis of the types of mutations produced in longitudinal studies may help elucidate this contribution. 
